Background Although hematogenous spread of osteosarcoma is well known, the imaging findings of cardiovascular involvement by osteosarcoma are seldom reported and can be difficult to recognize. The enhanced resolution of modern CT and MRI scanners may lead to better detection of cardiovascular involvement. Objective To describe the key imaging findings and clinical behavior of cardiovascular involvement by osteosarcoma. Materials and methods We retrospectively reviewed the imaging findings and clinical characteristics of 20 patients with cardiovascular involvement by osteosarcoma identified by two pediatric radiologists from a review of imaging studies at our institution from 2007 to 2013.
Introduction
Osteosarcoma is the most common primary bone malignancy in children, adolescents and young adults, and its most common metastatic sites are lung and bone [1] . Although osteosarcoma is known to spread hematogenously, few imaging findings of cardiovascular involvement by osteosarcoma have been reported, and only relatively few isolated case reports have been published. An extensive literature search yielded 73 case reports and other reports describing 76 cases. However, no detailed analysis of a series of patients with osteosarcoma and cardiovascular involvement has been reported. The most recent 34 articles describing 37 cases dating to 2000 are cited here .
Imaging findings of cardiovascular involvement by osteosarcoma can be subtle and thus are likely to be missed or misinterpreted, with potentially undesirable consequences. The incidence of cardiovascular metastasis and the impact of its early recognition are not clear. During our routine practice we observed cardiovascular involvement early in the course of the disease within the systemic vein draining the primary tumor and in small pulmonary arterial branches, and in advanced cases within the veins draining the lung and extrapulmonary metastases.
The purpose of this report is to describe the key imaging characteristics and clinical behavior of cardiovascular involvement by osteosarcoma. Recognition of these findings can improve staging accuracy, allowing better determination of appropriate cancer therapy and prognosis. Additionally, correct identification of systemic and pulmonary intravascular filling defects as tumor thrombus rather than bland thrombus can prevent unnecessary anticoagulation. The optimal use of advanced imaging techniques such as CT, MRI and PET-CT (positron emission tomography-computed tomography) and an increased index of suspicion for these imaging findings can increase the likelihood of detecting cardiovascular involvement earlier in the disease course.
Materials and methods
We obtained institutional review board approval, including waiver of informed consent, for this retrospective review. Approximately 80 patients with osteosarcoma are evaluated at our institution annually. Twenty patients with osteosarcoma and cardiovascular involvement were identified by two radiologists during their routine practice at our institution between 2007 and 2013. Imaging studies and medical records for these patients were retrospectively reviewed from the time of diagnosis through December 2014.
Clinicopathological data were collected on all patients, including age at diagnosis of osteosarcoma, primary tumor location and histological subtype, presence or absence of metastatic disease at presentation, time to detection of cardiovascular involvement from initial diagnosis, sites of cardiovascular involvement and other metastases, percentage of tumor necrosis at the time of definitive surgery, and survival period from time of primary tumor diagnosis. The patient ages mentioned in the figures of this manuscript are the age at the time of the first presented imaging study.
Imaging findings were reviewed by two radiologists with 2 years of post-training experience as a faculty member in pediatric radiology and abdominal imaging (S.Y. and A.M.) in consensus. A detailed description of all imaging techniques used is beyond the scope of this report because imaging studies from several outside hospitals were included. Standard institutional protocols were used for the CT, MR and PET-CT examinations performed at our institution. The available imaging studies were evaluated for location of metastases, with particular attention to the presence of cardiovascular involvement in the veins draining the primary and metastatic tumors, in the pulmonary arteries (including their temporal evolution to involve the adjacent pulmonary parenchyma and further extension into the pulmonary veins and left heart), and in the heart by direct involvement. We reviewed all available first and last CT, PET-CT and MRI studies in all patients. In addition, we reviewed interval imaging studies to determine the time of initial detection of cardiovascular involvement and its temporal evolution. Chest CTs were available in all 20 patients, at least one PET-CT in 18 patients and MRI of various sites in 19 patients (including 12 with MRI of primary tumor). Cardiovascular involvement was determined based on imaging findings of temporal evolution of abnormality (including interval growth or mineralization), direct intravascular extension with thrombus showing similar imaging characteristics to primary tumor, [F-18]2-fluoro-2-deoxyglucose (FDG) avidity, histological confirmation and combinations of these features.
Results

Clinical characteristics
We identified a total of 20 patients with cardiovascular involvement by osteosarcoma evaluated at our institution within the time period specified. Cardiovascular involvement was determined based on findings on imaging studies in all 20 patients; histological confirmation of cardiovascular involvement was available in 9 (45%) patients. Relevant clinicopathological and imaging data are summarized in Table 1 . The median age at initial diagnosis was 15.1 years (range 4.8-24.6 years), and 55% were female. The median time to detection of cardiovascular involvement was 1.8 years (range 0-7.3 years).
Seven patients (35%) had detectable metastases at the time of initial diagnosis. The distal femur was the most common location of the primary tumor. Tumors were high-grade osteosarcoma of the following subtypes: not further specified, osteoblastic, chondroblastic, and combined osteoblastic and chondroblastic. Sixteen patients died of disease at a median of 3.3 years (range 1.1-5.6 years) after diagnosis of the primary tumor. The other four patients have survived a median of 7.4 years (range 1.7-14.7 years) since diagnosis of the primary tumor. Two of the four survivors have no evidence of disease and two are alive with disease. Nearly all patients had lung metastases and the majority had bone metastases in addition to cardiovascular involvement by the conclusion of the review period. The vast majority of the patients had lung metastases before developing metastases in other sites such as bone and kidneys.
Imaging findings
The common locations of cardiovascular metastases were systemic veins draining the primary site (n=6), systemic veins draining metastatic sites (n=3), pulmonary arteries (n=16) including patients whose tumor further extended into pulmonary veins draining the pulmonary metastases and left atrium (n=3), and direct heart involvement (n=3). Ten patients had cardiovascular involvement in more than one of these sites.
Systemic veins draining the primary site
Six of the 20 patients showed tumor thrombus in the veins draining the primary tumor; histological confirmation of cardiovascular involvement was available in 5 of these 6 patients. All three patients with primary tumor in the pelvis (Figs. 1 and 2), 2 of 3 patients with primary tumor in the proximal humerus (Fig. 3) , and 1 of 13 patients with primary tumor in the distal femur (Fig. 4) showed tumor thrombus in the systemic veins draining the primary tumor. On contrast-enhanced CT examination, tumor thrombus is seen as a filling defect in the draining vein. On noncontrast CT scan, the dilated vein with tumor thrombus shows progressive mineralization on follow-up examinations. On T2-weighted MR examinations, thrombus is recognized by absent vascular flow void when compared to the opposite side ( Figs. 1 and 2 ). Tumor thrombus can be mistaken for nodal metastasis (Fig. 4) . This misreading can be avoided by identifying the linear rather than ovoid appearance of the abnormality.
Systemic veins draining metastatic sites
Three of the 20 patients showed tumor thrombus in the veins draining the metastatic osteosarcoma; histological confirmation of cardiovascular involvement was available in 1 of these 3 patients. In 1 patient with metastatic disease in the lumbar spine, tumor thrombus in the lumbar venous plexus further extended into the inferior vena cava (Fig. 5 ) and the right atrium. Two other patients showed tumor thrombi in the renal veins draining a kidney with a metastatic lesion.
Pulmonary arteries
Sixteen of the 20 patients showed linear mineralized metastases in the distal pulmonary vessels, which we believe represent progressive tumor thrombi in the pulmonary arteries. One such lesion, which is very subtle in appearance (Fig. 6 ), was CV cardiovascular, LV left ventricle a Some patients had metastases to more than one site b Three patients did not undergo resection of the primary tumor and two had no data on histological response proved by histological examination to be metastatic osteosarcoma. The earliest imaging finding on this lesion is a dilated and non-tapering distal pulmonary artery, which on follow-up imaging shows progressive dilatation, mineralization and nodularity. Tumor thromboemboli are also seen in the proximal pulmonary arteries and can be misinterpreted as , and this vein is filled with T2 hyperintense material/thrombus that is similar in signal intensity to the adjacent primary left iliac tumor. In addition, this thrombus showed enhancement on post-contrast imaging (not shown). This finding was not recognized preoperatively. The flow voids within the contralateral internal iliac vein (long arrow) are preserved pulmonary thromboembolism (Fig. 4) if the radiologist is not aware of the possibility of tumor thromboembolism.
Pulmonary veins draining the pulmonary metastases with extension into left atrium
Three of the 16 patients who showed tumor in the distal pulmonary arteries demonstrated further extension of the pulmonary parenchymal metastases into draining pulmonary veins and left atrium. This finding is best seen on contrast-enhanced CT examinations, which show the tumor thrombus extended into the pulmonary veins and further into the left atrium. The serial imaging findings illustrated in Fig. 7 depict temporal evolution of tumor thrombus in the distal pulmonary arteries as it further infiltrates the pulmonary parenchyma and then shows clear extension into the draining pulmonary vein and left heart. Extension into the left atrium is generally considered a feature of advanced osteosarcoma, but one patient with unilateral lung involvement and left atrial involvement by tumor thrombus underwent radical resection and is now one of the long-term survivors in this series (Fig. 8) . Histological confirmation of cardiovascular involvement was available in this patient.
Direct heart involvement
Three of the 20 patients showed noncontiguous involvement of the heart; histological confirmation of cardiac involvement was available in 2 of these 3 patients. One patient showed subtle left ventricular metastases that were suspected because of presence of widely disseminated systemic metastatic disease (Fig. 9 ). Small intracardiac foci were difficult to delineate on initial cross-sectional imaging studies and necessitated further workup by echocardiogram and cardiac MRI. The second patient showed progressive metastasis in the atrioventricular groove (Fig. 10) . The third patient, not illustrated in this article, showed subtle calcification in the right ventricular outflow tract.
Summary of the imaging findings
Tumor thrombus in the systemic veins draining the primary tumor and systemic and pulmonary metastases in osteosarcoma is seen as a filling defect in the draining veins and usually shows progressive mineralization on follow-up imaging. The typical appearance of lung metastasis is a round or oval, sharply marginated, mineralized nodule or mass. A dilated, beaded and mineralized or nonmineralized pulmonary vessel is one of the earliest signs of pulmonary vascular metastasis. In our experience, it is best seen on noncontrast CT images. Follow-up imaging shows progressive dilatation and mineralization of the vessel, followed by possible infiltration into lung parenchyma and then extension into pulmonary veins and left heart.
Discussion
The exact incidence of venous extension of osteosarcoma and its prognostic significance are not known. Vascular invasion confirmed by histological examination has been reported in 2% of patients with resected extremity soft-tissue or bone sarcoma, including osteosarcoma, and has been associated with very poor prognosis [36] . Autopsy studies have shown a 20% incidence rate of cardiac metastases [23, 37] . Insight into tumor behavior illustrated by these cases has enhanced our ability to correctly identify cardiovascular metastases, particularly the metastases in the distal pulmonary vessels and also in the large draining veins from the primary and metastatic osteosarcoma. All but 1 of the 6 patients with cardiac involvement (either by direct heart involvement or The inferior vena cava tumor thrombus was resected and proved to be metastatic osteosarcoma extension of tumor thrombus into left atrium from the pulmonary veins) in our series died of progressive metastatic disease. The one surviving patient's tumor recurred 7.3 years after diagnosis, with unilateral lung metastases and left atrial involvement, but after chemotherapy and radical resection this patient had been disease-free 6.8 years at the time of this report (Fig. 8) .
Our series supports the findings described in several case reports. Vascular spread of osteosarcoma is increasingly recognized on imaging because of advances in cross-sectional imaging techniques. Although our study could not assess the incidence of vascular thrombi in osteosarcoma, we believe that our report will increase awareness about their imaging characteristics and that, once radiologists become accustomed to looking for these characteristics, tumor thrombi will be identified more frequently. In previous reports, cardiovascular involvement has been described in 37 patients, ages 8-48 years, with osteosarcoma. Similar to our findings, cardiovascular involvement was described in the veins draining the primary tumor in 14 patients (including 12 with pelvic tumors), in the renal vein draining a renal metastasis in 1 patient, in the pulmonary arteries in 12 patients, and in the pulmonary veins in 5 patients, and as direct heart involvement in 7 patients . Histological confirmation of cardiovascular involvement was documented in 25 patients. Additionally, arterial tumor emboli in the superior mesenteric artery were described in one case report [7] . The most common primary tumor site in the reported cases was the pelvis, followed by femur and tibia; in our series the most common site was the femur followed by humerus and pelvis. The time to detection of cardiovascular involvement in our series ranged 0-7.3 years from diagnosis. This is similar to the range (0-7 years) described in the case reports for highgrade osteosarcoma. Previous reports describe anticoagulant treatment for deep venous thrombosis and pulmonary thromboembolism before tumor thrombus was correctly diagnosed [6, 9, 30, 31] . This also occurred in our patient in Fig. 5 . Although it is difficult to differentiate between tumor thrombi and bland thrombi on initial imaging studies, bland thrombi should either improve or resolve on follow-up imaging studies; even if the thrombus is persistent, the luminal caliber of the vein involved by a chronic bland thrombus should be relatively small. In our experience, the tumor thrombus is depicted by heterogeneous enhancement on contrast-enhanced CT or MR imaging and loss of intravascular flow voids on T2-weighted images, particularly when large vessels are involved. In areas accessible to US, the finding of pulsatile waveforms within the tumor thrombus on spectral Doppler interrogation favors a malignant lesion [38, 39] . In our experience a tumor thrombus is further characterized by increased metabolism on PET-CT in addition to enhancement on contrast-enhanced CT or MRI. Dedicated cardiac MRI helps to delineate the extent of cardiac involvement.
In light of the described imaging findings and because deep venous thrombosis is rare in young patients (incidence of <5 per 100,000 per year among children younger than 15 years [40] ), a thrombus seen within the systemic vein draining the primary or metastatic osteosarcoma should be considered tumor thrombus until proved otherwise. Venous thromboembolism has been reported to occur in 10-13% of children and young adults with osteosarcoma; these events are most commonly related to venous catheters or tumor compression [41, 42] . Dual-energy spectral CT with quantification of thrombus iodine density has been shown to differentiate tumor thrombi from bland thrombi in portal veins in a series of patients with hepatocellular carcinoma, cirrhosis of the liver, viral hepatitis and alcoholic hepatitis, and colorectal metastasis [43] . However, the potential utility of this technique over standard contrast-enhanced CT techniques in osteosarcoma patients with cardiovascular involvement needs further study.
On the basis of our findings and a review of the literature, we have connected some dots with respect to the pattern of spread of osteosarcoma metastases. Osteosarcoma spreads predominantly by vascular invasion and rarely by lymphatic invasion. Mineralization in osteosarcoma aids in ready recognition of the tumor thrombus. Our findings illustrate the pattern of spread of osteosarcoma from Fig. 6 A 15 -year-old girl with osteosarcoma of the left distal femur with metastasis to the lungs and cardiovascular involvement of the terminal pulmonary vessel. a, b Initial and (c, d) 14-week follow-up noncontrast chest CT images in mediastinal and lung windows show progressive mineralization, beaded appearance and dilatation of the distal pulmonary artery branch (arrows) consistent with early pulmonary vascular involvement. This was resected and proved to be metastatic osteosarcoma. e Pathology section of the resected left lower-lobe lesion confirms metastatic osteosarcoma in the lung parenchyma and depicts the peculiar linear pattern of this metastasis. Although it was difficult to confirm the intravascular location of the metastasis because it had grown out into the parenchyma, obliterating normal structures, the linear pattern correlates with the possibility of the lesion location within the pulmonary arteriole. The girl developed several similar recurrences the primary tumor to the systemic draining veins to the inferior or superior vena cava, to the right heart, to the pulmonary arteries, to the pulmonary parenchyma, to the draining pulmonary veins, to the left heart, and then to systemic sites (e.g., bone, kidney, adrenal gland, brain). This explains why, in our study and in other series, the incidence of lung metastasis is higher than that of any other site of metastasis [44, 45] . We have also illustrated that extrapulmonary metastases extend into the draining veins and then into the inferior or superior vena cava and right heart.
All three patients with pelvic osteosarcoma and two of the three patients with proximal humeral osteosarcoma showed tumor thrombus in draining veins, whereas only 1 of 13 patients with distal femoral osteosarcoma had this feature. We believe that this finding is most readily identified in patients with pelvic osteosarcoma because of the large size of the draining veins and availability of opposite-side imaging for comparison on the majority of pelvic CT and MR imaging studies. Detection of thrombus in the smaller extremity veins is difficult because of the small size of the veins and the lack of comparison with the other extremity on most MR imaging studies. Although our study was not designed to examine the outcomes of patients with humeral or pelvic osteosarcoma, others have reported poor prognosis of these patients [46, 47] . We speculate that one of the explanations for the relatively poor prognosis of humeral and pelvic osteosarcoma compared to femoral osteosarcoma is the relatively short distance the tumor thrombus needs to travel to reach the right heart.
The management of cardiovascular metastases poses a challenge to the multidisciplinary team involved in the treatment of osteosarcoma. The survival benefit from pulmonary metastatectomy has been reported in several studies [48] [49] [50] . In carefully selected patients, multimodality treatment may provide palliation and delay progression. Understanding the pattern of dilated and mineralized pulmonary vessels may result in early detection of pulmonary metastases (Fig. 6) . The finding of dilated and beaded terminal pulmonary arterial branches as a sign of pulmonary vascular metastatic disease has also been reported in a series of four patients, including one case of metastatic osteosarcoma [51] . Although dilated and beaded vessels can be mistaken for mucus plugging in the distal bronchi, beaded arteries are always accompanied by air-filled bronchi on lung windows [17, 51] . More diligent assessment for venous thrombus in the draining veins of the primary tumor on presurgical imaging studies is needed. The presence of tumor thrombus in the draining veins of the primary osteosarcoma warrants a careful search for lung metastasis. Early recognition of pulmonary vascular metastasis may provide important information about prognosis and an opportunity for early treatment and help to prevent unnecessary anticoagulation. Further studies are required to answer the following: (1) What is the incidence and prognostic significance of finding macroscopic tumor thrombus in draining veins from primary osteosarcoma? and (2) Is the incidence of lung metastases increased in patients with these findings?
Another issue in early recognition of cardiovascular metastasis is the optimal chest CT imaging method for followup monitoring of patients with osteosarcoma. Mineralization is obscured by contrast agent, and nonmineralized tumor thrombi in large pulmonary vessels and heart may be obscured without contrast agent. Some institutions prefer contrast-enhanced chest CT imaging, while others perform chest CTs without contrast agent; however intermittent use of contrast agent during follow-up CT chest examinations would help to improve detection of cardiovascular metastases.
This study has some limitations. Several of the cases included in our study cohort were diagnosed and treated at outside facilities before referral to our center. The information presented is based on available clinical records and imaging studies. In addition, our retrospective study was designed to illustrate the imaging findings of cardiovascular involvement by osteosarcoma. The cases were collected by two radiologists over a period of 6 years during their routine clinical work and not through a systematic search for all cases seen during this time period. Hence we could not determine the actual prevalence of cardiovascular involvement by osteosarcoma, although we can roughly estimate that in our patient population it was at least 4.2% (20 of 480 patients seen over 6 years). Furthermore, Fig. 8 A 22 -year-old man with osteosarcoma of the right distal femur metastatic to the lungs and heart and with tumor thrombus in the right pulmonary veins and left atrium. a, b Axial and (c) coronal post-contrast chest CT scan and (d) axial and (e) coronal fused PET-CT images demonstrate FDG-avid tumor thrombus in the right superior pulmonary vein and left atrium (arrows) and right lung metastases (arrowheads). The filling defect in the superior vena cava is a flow-related artefact. After radical resection and chemotherapy the man was disease-free for 6.8 years at the time of this report. Tumor thrombus in the pulmonary veins and left atrium was confirmed by histology at the time of surgery. FDG [F-18]2-fluoro-2-deoxyglucose, PET positron emission tomography because our center is a tertiary referral center, some of the patients were referred to our center when their disease was at an advanced stage, leading to a selection bias.
Conclusion
Conventional CT scanning plays a major role in the diagnosis of cardiovascular metastases of osteosarcoma. Local venous extension of the primary tumor may be seen early in the course of the disease, and thrombus in local draining veins should be considered tumor thrombus until proved otherwise. Dilatation and mineralization of terminal pulmonary arterioles is an important early sign of metastatic osteosarcoma. Left heart involvement should be considered when a patient presents with extrapulmonary metastasis. Cardiovascular involvement is seen mostly in advanced osteosarcoma, but we have observed and illustrated involvement of the draining veins from the primary osteosarcoma and pulmonary arteries early in the course of the disease. Familiarity with the imaging findings of cardiovascular involvement by osteosarcoma described in this article Fig. 9 A 15-year-old girl with osteosarcoma of the right distal femur presented with new widespread metastases to bones, soft tissues and lungs, prompting a search for an intracardiac source. a Axial noncontrast and (b) contrast-enhanced chest CT images show subtle mineralized myocardial metastasis (arrows) within the interventricular septum. c Myocardial enhancement phase image from an fast gradient recalled echo first pass perfusion sequence in the four-chamber view shows enhancement of the metastasis around the calcium-related signal void (arrow). The girl had similar metastasis along the left ventricular free wall (not shown). The two intracardiac metastases were resected and proved to be metastatic osteosarcoma. The girl died 7 months after cardiac surgery Fig. 10 A 19 -year-old woman with osteosarcoma of the distal femur metastatic to the heart. a Axial contrast-enhanced CT scan after initial partial resection of cardiac metastasis involving right atrium (not shown) shows residual tumor in the atrioventricular groove (white arrow) closely abutting the right coronary artery (black arrow). b Axial contrastenhanced CT scan 2 years later shows slow progression of the metastasis (arrow) to involve the right ventricle. Radical resection and reconstruction was performed about 2 years after initial incomplete cardiac resection. The woman developed recurrent metastatic disease and died 7 months after the second surgery. This cardiac metastasis was proved by surgery and pathology to be osteosarcoma should lead to accurate staging of osteosarcoma that will aid in better patient management decisions.
